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SUMMARY 

Continuous fiber woven t-q lass/epoxy composite femoral sliells fiavinq 
the same elastic properties as bone have been fabricated. Ihese shells were 
coated with filled epoxy wear resistant coatinqs consistinq of 1 to 
1)4 micron particles of: a 1 Ui, Al^Oj ♦ Cu, and lB-8 stainless steel 

♦ a1 Oj in an epoxy matrix. The result inq feiiKiral shells were wear 
tested dry aqainst ultrahiqh molecular weiqtit polyethylene (UMMMl'L) ace- 
tabular cups for up to . t'O 000 cycles on a total hip simulator. Ihe best 
femoral shell tested was the one containinq particles of 18-8 stainless 
steel ♦ ''l.'Oj in an epoxy liase. Articulation of this shell dry aqainst 
OMMMI’L for'jbO 000 cycles resulted in a friction force that was about 
10 percent lower than that of the current total hip prosthesis, that is, a 
vitallium hall articulatinq ilry with an UtiMWt’L cup. An UMMMl'L acetabular 
cup when art icii lat inq with a vitallium l»all slioweil a weiqht loss of 
0.000*1 q, wfiile an uiiMMCL cup when articulatinq wiLli the 18-8 stainless 
steel ♦ Al -0^ epoxy shell in the JbO 000 cycle wear test showed a 
il.00b8 qr.un weiqht loss. Addition of qraphite fibers to tlie UMMMl'L 
acetabular cup aiul ai't icu 1 at ion with the 18-8 stainless steel ♦ Al 
epoxy shell increased the friction force but reduced the surface damaqe to 
the uiiMwt'L. wiHMi femoral sliells containinq AljO; ♦ Lu particles in an 
epoxy matrix were run ilry .iqainst UliMMl't tor 4. OuO cycles the friction 
force was continually increasinq and there was evidence of more surface 
ilamaqe to the UM^lMt’L lup than when the shell contained particles of 18-8 
stainless steel ♦ Al t)^. 


INlKUUUfl ION 

Most ot the luri'ent artituial hip jeints art* compesed of a metal femo- 
ral stem articulatinq with an ultrainqh molecular weiqnt po 1 yetny leiu' 
(UMMMl'L) acetabular cup. both compiuienls are seciireu with acrylic t'Oiu’ 
ceiiK’nt. Problems of this ilesiqn related to bone resorption, acrylic bone 
cement failure and looseninq or falique of the metal steins (rets. 1 to 4) 
have led to interest in the cup or shell arthroplasty. Ihis involves re- 
iiKwa 1 of bone irom the femoral luMd and acetabulum and rep lacement with 
matchinq cups or shells (rels. 8 and b). However, use of metal parts m 


* rnis Tiivest 1 qat ion was supported in part by the U.b. Army Research 
tiff ice tirant No. IbOUi .'4-/qL-0.’04 . 

^RtMisselaer Polytechnic Institute, Iroy, New York; Present 
address: bendix Advanced leciinoloqy li'ntei-, Southfield, Mictnqan 480J/. 

' ^Rt'hsse laer Polytechnic Institute, li'o;,'. New York. 


Ihis procedure may still lead to problems due to the mismatch in elastic 
properties between metal and bone. This problem has been solved by the 
analytical design ot a continuous fiber epoxy composite femoral shell 
(ref. /). Ihe composite shell was designed to have the same elastic proper- 
ties as bone, have adeniMte strength and be thin enough to require a minimum 
amount of bone resection. This design raises new questions related to the 
poor thermal conductivity, high coefficient of thermal expansion, low soft- 
ening temperature and creep and wear of the epoxy composite. Une possible 
solution would be to apply a relatively thin coating of a resin impregnated 
with particles that would make the surface harder and more wear resistant as 
well as change the thermal characteristics. The tribological character 1 s- 
t ics of several filled epoxy wear resistant coatings sliding against UHMWPt 
in bench tests were found to be equivalent to that of Jib stainless steel 
sliding against UHMWPt (ref. 8). 

Ineretore, the objective of this investigation was to fabricate con- 
tinuous fiber epoxy composite femoral shells having similar elastic proper- 
ties as bone, apply appropriate wear resistant coatings and run wear tests 
ot tiiese shells articulating dry with UHMWPt acetabular cups in a total hip 
simulator. Kesults were compared to that of a standard vita Ilium ball 
articulating with an UHMWPt cup. 

MtlHUUS ANU MAltRlALb 

fabrication ot the tpoxy/t-blass Femoral Shells 

Ihe results ot the analytical composite design (ref. 7) sliowed tnat it 
would take 10 to Ic! layers ot 0*/9U* woven t-glass tibers to make a I milli- 
meter thick epoxy composite shell. This was the same thickness metal shell 
ttiat was tound to require a miniimim amount ot bone rese"tioning (ref. b). 

Ine epoxy/ t-g lass composite shell would have a tacto or safety ot based 
on a tensor tjiiure criterion when designed as an elastic spherical ball 
loaded against an elastic semi-infinite body. Thirty percent by volume ot 
t-glass tibers and 70 percent by volume of epoxy would be required to give 
the shells similar elastic properties as bone. 

Ihe epoxy used consisted ot a thermosetting resin, Araldite bOlU,* and 
an aromatic diamine hardner, XU The epoxy was formed by mixing lUO 

parts to Jc' parts by weight, respectively, of resin to ha.dener. Ihe con- 
tinuous fiber composite shells were formed by laying-up a 0’/9U* woven 
L-glass** fabric tJU percent tibers by volume), layer by layer, on top ot a 
4J.9 millimeter diameter spherical die. Flats were machined on two sides ot 
the die to prevent rotation ot the shells while being wear tested. Unce the 
desired number ot epoxy coated t-glass layers were obtained a two-piece 
female femoral mold, with an internal sphere cut in it, was clamped over the 
composite. This two-piece die butted up against a large nut threaded on the 
other end ot the male temoral die. The nut served to preset the ?. milli- 
meter distance between the male and female dies. The entire apparatus was 
then set in a nitrogen pressure cliamber in an oven and a pressure ot 
l.U^; Mra psi) was applied to prevent void formation. The composite was 
gelled tor ^ hours to 8U C (17b* F) and then postcured tor 4 hours at 
I-jO* C (JUO* F). Ihe female femoral mold was removed and the outside radius 
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of Iho opoxy coiiipositf was reihiced by O.c'O to U.<^b4 iinllimeter (U.008 to 
U.UiU 111 .) on a lattio. Ihe outer surface was then coateb with wear resist- 
ant coatings consisting of particles of either Al Oj ♦ Lu, or 18-b 
stainless steel ♦ Ml >Uj all in an epoxy matrix, the female femoral moKl 
was ttien repos i t loneil on tlie sliell and the entire apparatus set back in the 
oven. Ihe coatings were cured in the same manner as tlie epoxy/t-g lass 
shells. Ihe final continuous f iber/part icu late composite femoral shells 
were polistied in the followinc sequence: wet uOo grit silicon carbide 

paper, 1 micron. O.J micron and 0.0b micron a Iptia-a lumina polishing compound. 

Kibncation of uriMWPL Acetabular Cups 

Ihe UliMli^Pt acetabular cups were compression molded in a two-piece 
male/ female die. I wo thermocouples, one in the male die and one in the 
female die, were used to monitor the compression molding temperature. Ihe 
molding cycle appears in appendix A. UHMWPt polymer with and without graph- 
1 Le fibers was used. Five plain UHMWPt acetabular cups and one with l:-^0 
parts by weight of graphite fibers were molded. 

APPAKAlUb 

Ihe total hip simulator Ifig. 1) was designed to accept various designs 
of tull-sue total hip prostheses or a ball and socket test specimen and to 
simulate tne mol unis (ref. 4), and the variable loads (refs. 9 to 11) en- 
countei-ed in the hip joint. 

Ihe femoral specimens were mounted in a fixture extending from the end 
of an oscillating sliaft. Ihe shaft oscillates up to *18^’ and simulates 
the major extension and flexion of the hip joint in the sagittal plane of 
walking (see ref. 9). Ihe shaft was driven by a variable speeil direct cur- 
rent electric motor and worm gear box in unulirect lonal rotation. An eccen- 
tric was mounted on the output shaft of the gear box and was adjustable to 
give tne desired extension and flexion. An adjustable length crank arm was 
connected on one end to the gear box eccentric that allows positioning of 
the ball in tlie sagittal plane. Ihe other end of the crank arm was con- 
nected to a larger eccentric on the simulator drive shaft and drove the mam 
shaft in oscillating motion. Ihe femoral specimen was mounted on a bearing 
assembly in the femoral ball fixture perpendicu lar to the drive shaft. Ihe 
inner bearing assembly nolds the femoral ball. It has an arm extending 
radially from its center. Itie radial arm is restrained at the extended end 
and thus as the drive shaft oscillates the femoral specimen will oscillate 
in tne transverse plane, lor normal waUing this oscillation is 
iref . g). Ihe amount of interiKl and external rotation is determined by the 
restraining local ion on the radial arm. 

liie acetabular cup was mounted in a fixture that was stabilized with 
flexures, lliese flexures cari*y the load applied to the prosthesis assembly 
and permit the acetabular cup to move in a third motion (ref. 9) and 
simulati’ abduction and adduction motion of waU'iig as encountered in the 
frontal plane. Iiiat simulated motion was a plane through the main drive 
shaft centerline, liie mol ion was transmitted with a push rod driven by a 
I am on tne main drive shaft. Ihe cam was designed for the desired motion of 
the aielabular cup. Ihe acetabular cup fixture has a special flexure sus- 
pt'iision and force transducer that enables measurement of the friction force 
in the sag 1 1 1 a 1 p lane . 


Ihe load was applied by means ot a hydraulic cylinder and hydraulic 
pump system tlirough rods and main flexures. Ihe hydraulic cylinder was con- 
trolled by a hydraulic servosystem and electronic programmer. A strain gage 
type load cell with two strain gage bridges was connected mechanically to 
the hydraulic cylinder. One ot the bridge circuits served as an electrical 
feedback to the hydraulic servovalve and servocontrol ler amplifier. Ihe 
second strain gage bridge was used to measure the load. Ihe load strain 
gage bridge output was recorded on an oscillographic recorder. 

PROCtUUKt 

Ihe male die on which the femoral shells were formed was modified to 
fit the lemoral ball fixture. The femoral shells and acetabular cups were 
then assembled (fig. 1 ) on the femoral ball fixture. The tests were run dry 
at room tcmoerature ((db* c) (//* r) to produce a worse case wear situation. 
Ihe standard test was fhen n'" t a gait of 30 walking cycles per minute 
(60 sieps/min) and a prcgra' I'o i load simulating walking. The loads ranged 
from N (bO lb) to 2940 N ^obO lb) and the load pattern was as shown in 

figure 3 for a single walking cycle. The friction force as a function of 

walking cycle was recorded at 2 hour intervals. The test was terminated 
after 000 cycles (approx. ^4 hrs). Ttien a senes of post-42 000 cycle 

friction tests were performed at constant loads ranging from 123 N (23 lb) 

to 2240 N (b04 lb). Host-42 000 cycle wear test weight measurements were 
made on the acetabular cups. 

Ouring each walking cycle, the friction force at the ball-socket inter- 
face IS continuously measured, a saw toothed curve normally results with 
one spike representing the maximum friction as tne ball rotates in one 
direction and a second or negative spike representing the maximum friction 
as tne ball rotates in the opposite direction. Normally, these curves are 
fairly symetncal and therefore the maximum friction force is calculated by 
taking tne peak to peak value and lialving it. 

Ihe shells yielding the best results were then selected to run dry in a 
2t)0 dOO cycle (approx. 1 week) wear test. The same gait and programmed load 
were used and the friction force was monitored. Hre- and post-test weight 
measurements were made on the acetabular cups, ^'n optical microscope was 
used to study the wear surfaces of both the femoral shells and acetabular 
cups. Table 1 shows the test code, femoral shell code and material, and the 
acetabular cup code and material. 


KtbULlb 

42 OUU Cycle Wear lests 

Ihe results of post-wear test friction me^s"rements for femoral shells 
A, 6, C, and U articulating dry against acetabular cups t, t, t and f, 
respectively, are shown in figure 4. For normal loads ranging from l2b N 
(28 lb) to 2240 N (b04 lb) the friction force after the 42 000 cycle test 
was lowest in test U/t, that is, the (2:1) parts by weight 18-8 stainless 
steel/epoxy ♦ (3:10) parts by weight Al^Oj/epoxy shell articulating witli 
an OMMWHt acetabular cup. Itie friction force was highest for test B/L, tf\e 
(1:2) parts by weight Al^Oj/epoxy ♦ (l:b) parts by weight Cu/epoxy shell 
articulating with the UHHWHt acetabular cup. When a vital Hum femoral ball, 
material a, was run with an UHMWhL cup, material t, the friction force was 
lower than in tests 8/t, C/t, or U/F. 
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iqure b shows tho maximum friction force as a tunction of time tor all 
tests during the 000 cycle wear test. Ihe friction force stabilized 

within 10 000 cycles tor tests A/t, U/t, and 0/F. The friction force during 
gait was lowest in test U/t, the (^:1) 18-8 stainless steel/epoxy ♦ (J:10) 

Ml 'Oj/epoxy shell articulating with an UHNWPt cup. When tlie vital lium 
ha'll, material A, was run against the UHMWHt cup, materia! t, the friction 
force had the most stable profile. In tests 8/t and C/t, the (l:c) 
Al^Oj/epoxy ♦ (l:b) ” (<^:b) Cu/epoxy shells articulating with UHMWPt 

cups, the friction force was contii<ually increased with iime. When the cop- 
per content was doubled, fhe friction force (after 4000 cycles) increased 
about l! 0 to JO percent.* Addition of 1:<^0 parts by weight of graphite 
fibers to the UHMWPt, acetabular cup f, and running dry against femoral 
shell U, the 18-8 stainless steel/epoxy ♦ (3:10) Al^Oj/epoxy 

shell, increased the friction force by about 40 percent compared to test 
li/t. during gait the friction force obtained when using femoral shell U was 
about 1/ percent lower than when using material a in articulation against 
UhNwPL. figure t> snows tlie oscilloscope traces of both the programmed load 
and the friction force for all tests at the etui of the Oe UOO cycle wear 
1 1 ? s t . 

Ihe acetabular cups from the 4^ 000 cycle tests were placed in a vacuum 
Chamber, evacuated for a length of time for weignt stabi I uat ion. Ihey were 
then weighed in air at intervals prior to testitig. Ihis same procedure was 
followed after testing. Ihe weights were averaged before and after the 
tests and substracted to get the weiglit change, however, the standard 
deviation of the weigfit measuremenl s was larger than the weight cliange for 
all 4.' OtH) cycle wear tests, thus indicating no measurable wear. 

figure /(n) to (d) shows fenwral shells and acetabular cups after 
running for 4j 000 cycles tor tests A/L, 8/L, C/t, and U/f, respectively, 
femoral shells 8, C and were polistied in the contact area. Ihere was 
ev ’deuce in shells 8 and C, the Al alj ♦ Cu/epo\y, of massive UHMWPt 
I’-ansfer and abrasion. Ihe worn area in shells 8, C, and 0 appeared to be 
111 the form of a horseshoe around the polar cap. Ihere was an area about 
l.b cent imeters wide directly on the polar cap tliat was unpolisfied. Ihe 
horseshoe extended downward from this about l.b centimeters. Inere was some 
visual evidence of flakes of abraded UHMWPt on the surface of the vital lium 
ball, material A. Ihe worn area on shell U, from test U/f, was different 
from the others in that it extended directly across the polar cap. Ihis 
area appeared to be covered with graphite, but there was no evidence of 
abrasion. Ihe UHMWPt acetabular cups from tests 8/t and C/t had some dis- 
coloration anu scratches. 

figure 8 is a composite optical photogi’apli in the polar cap area of 
acetabuiar cups from tests 8/1, C/t, U/l. and l»/f, respect ively, after tlie 
4., OOU cycle wear test. When femoral shell 8 was run dry against acetabular 
cup t, there appeared to be adhesion in the polar cap area as seen in figure 
S^a). wiuMi femoral shells C or U were run dry against material t the type 
Of surface damage in the polar cap area appeared to be in the form of small 
parallel cracks (figs. 8^b) and (c)). Ihe addition of graphite fibers to 
ine UHMwpl inireaseo its resistance to surface damage as can be seen in fig- 
ure iHd)* figure d is a composite optical photograph in the polar cap area 


• In'rouglioul this paper all percent changes are calculated as maximum- 
minimum/ max imum X lUU. 


ot femoral shells b, L, and U aftjr, respectively, tests B/t, C/E, and U/t. 
Ihere was little evidence of surface damage in this area to shells B or U. 
Bhell C had some surface scratches. 

cfbU OUU Cycle Wear lest 

Femoral specimens a and U were selected for continued testing against 
acetabular cup material £ in 250 000 cycle wear tests. The maximum f» iction 
force from 000 to ^JbO OOO cycles for test A/t was 121*y N and from test 
U/E it was li4*2 N. There was very little damage to either specimen A, the 
vital lium ball, or its mating UHMWPt acetabular cup. However, there was 
evidence of abrasive wear on the UHMWHE cup after articulation against mate- 
rial U, the (2:1) lH-8 stainless steel/epoxy (3:10) Al 203 /epoxy 
shell. There was also evidence ot scratches on the surface of shell mate- 
rial 0. fhe weight loss of the OHMWFE cup from test A/E was 
0. 0004^1*0. OoOl g. Ihe weight loss of the UHMWPE cup from test U/E was 
0. 0058*0. OOOt) gram. A sunwiary of friction and wear results for all tests 
appears in table 11. 


UlSCUSSlON 

Charnley (ref. 5) theorized that a larger diameter ball would produce 
higher frictional torques that might loosen the stem • cup. However, 
according to these results a larger diameter ball may not necessarily pro- 
duce this effect. For example, test die (44 mm diameter shell) had a fric- 
tion force 17 percent lower than test A/E (22 mm diameter ball). Surface 
roughness, modulus, yield strength, hardness, etc., may also affect the 
friction force. Materials B and C had friction forces approximately 30 to 
4U percent higher at a normal load of 2240 N than when shell U was run dry 
against the material £ in post-4<^ 000 cycle friction tests. The addition of 
1:<:0 parts by weight graphite fibers to trie UhMWpE, acetabular cup F, and 
running dry against shell U, increased the friction force approximately 10 
to 20 percent between normal loads of 240 to 2240 N. Apparently the added 
graphite increased the ploughing component of friction, thus increasing the 
friction force. The friction force was reduced when the copper content was 
douoleo (tests B/E and L/E). This increase in copper content have increased 
the thermal conductivity (see. ref. 8), and helped transfer heat away from 
the contact area. This in turn may have reduced tlie adhesive component of 
f r 1 c 1 1 on . 

Figure 10 is a olot of the coefficient of friction versus normal load 
for post-42 000 cycle friction tests. The general trend was for the coeffi- 
cient of friction to decrease with increasing load. The coefficients of 
friction based on an integrated average load of 1014 M dui ing the 
42 000 cycle wear tests for A/E, U/E and U/F were, respectively, 0.11, 

0.094, and 0.17. Tests B/E and C/E yielded continuously increasing coeffi- 
cients of friction throughout the tests. Again, material 0 articulating 
with material E had the lowest coefficient of friction. 

Uuring 42 000 cycle wear tests A/E, 0/E, and U/F, the friction force 
reached a constant value within about the first lU OOO cycles (4 to b hrs). 
Apparently the tests (B/E and C/E) involving (Al ^03 * Cu)/epoxy could 
not establish a run-in period. Probaoly the poor sliding characteristics of 
copper caused this. At the end of the 42 000 cycle wear test, the friction 
force for tests a/E and U/E were, respectively, 124 N and 97 N. Uuring the 



2b UUU cycle wear test the tricticn forces for these saire two tests were, 
respectively, 121*9 N and 114*.'' This would seem to indicate i. very small 
change in the friction force, hence, coefficient of friction up to 
2b0 OUO cycler. Mowever, Amstutz (ref. 12) in a wear study of polymers 
sliding against bA£ 4b2U case hardened steel on an LTw-l wear test machine, 
found that the coefficient of friction in mineral oil continually decreased 
up to 3bU 000 cycles. In a study of composite coated epoxy samples running 
dry against UHMWPE on an LFW-1 wear test machine (ref. 8) it was found that 
the friction force leveled off after the first 12 hours in a 48-hour wear 
test. These differences may be attributed to the different test conditions 
or test apparatus used. 

In figure 6 there is a variation in the shade of the friction force 
traces as a function of the walking cycle for test A/E, compared to the 
other tests during the 42 OUO cycle wear test. When the vital lium prosthe- 
sis was tested in figure b(a), there is one peak at heel strike and one peak 
at toe-off. However, in all other tests there are three peaks of varying 
magnitude. It was noticed prior to testing that the fit between the shells 
and cups was a little too tight. The UHMWPE cups were then put back in the 
mold and stress relieved by cold compressing. Ihis close tit may have 
caused the extra friction peak. 

There were scratches, gouges and discoloration evident in acetabular 
cups from tests B/E and C/E and rild scratches and polishing in acetabular 
cups from tests A/E, U/E, and U/F. The mottled area in acetabular cups from 
tests B/E and C/E was yel lowish-brown in color. This discoloration is 
probably due to copper deposits, or oxides of copper. This may indicate 
high adhesive forces removing copper from the shell or poor bonding of the 
copper to the epoxy. There was evidence of massive transfer of UHMWkE to 
the surfaces of shells B and C- However the surfaces of ball A and shell U 
in tests A/E and 0/E were polished with few abrasive scratches. There was 
ample evidence of graphite transfer to the shell in test U/F in the 
42 000 cycle wear test. 

The type of surface damage observed under an optical microscope in the 
polar cap area of UHMWPE acetabular cups from the 42 UOU cycle wear test 
varied from possible adhesion or abrasion to fatigue. Figure 8(a) shows a 
mottled area which could be the result of an adhesive wear process. Ihis 
same effect was observed when an LFW-1 wear test machine was used (ref. 8). 
When the ( a 1 jOj ^ Cu)/epoxy samples were run dry against UHMWPE for 
*42 000 cycles there appears to be cracks forming perpendicular to the direc- 
tion of sliding (see fig. 8(b)). This same type of surface failure occurs 
when (18-8 jtainless steel Al^.Oj ) /epoxy is used as seen in figure 
8(c). The wear mechanisms of adhesion, abrasion and fatigue have been ob- 
served by other investigators. Walker et al. (ref. 13) observed abrasive 
wear and some cracks attributed to microfatigue in the two-piece UHMWPE 
total surface hip replacement. Kostoker, Chao and balante (ref. 14) ob- 
served scratcfies and gouges, and surface cracks in tests done in vitro with 
a hip joint simulator. Weightinan et al. (ref. lb) found cracks perpendicu- 
lar to the direction of sliding when testing McKee-Farrar or Charn ley-Mu 1 ler 
prostheses on a total hip simulator. Therefore, the types of surface fail- 
ure observed with conventional prostheses, that is, scratching (abrasion), 
gouges, adhesion and cracks were observed for the sliells tested here. 
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Wear 


There was some abrasion and polishing of the vital lium ball when run 
dry against UHMWPE for 250 000 cycles and a cup weight loss of 
0.00044 gram. There was evidence of massive abrasion when the (18-8 stain- 
less steel ♦ Alj^Oi )/epoxy shell was run dry against the UHMWPE cup for 
250 000 cycles. Powder or flakes of UHMWPE were found in the polar region 
of the acetabular cup. When these flakes were removed the resulting weight 
loss for the UHMWPE cup was 0.0058 gram. Since the UHMWPE has a density of 

0. 94 gm/cc and the sliding distance and integrated average load were, 
respectively, 1730 meters and 1014 N the wear rate for the acetabular cup in 
test 0/E. was 3.5x10“^^^ m^/N-m.* Test A/E yielded a wear rate of 

1. -xlO"ll^ m^/N-m. In a study by Brown, Atkinson, Dowson and Wright 

(ref. 16) the wear rate for UHMWPE sliding dry against surgical grade stain- 
less steel in a pin-on disk wear test machine was 1.2xlU“^o m’/N-m. 

Tanaka and Uchiyaina (ref. 17) measured the wear of superhigh-molecular- 
weight polyethylene with a pin-on-disk apparatus. A calculated wear rate of 
about 5x10"^'' m'^/N-m was reported. Similar experiments by Jones, et al. 
(ref. 18) yielded a higher wear rate (1.6x10"^^ m^/N-m). Ooviously, 
more tests using a larger sample size and with a simulative joint lubricant 
would be needed to establish a reproducible wear rate for materials tested 
in this investigation. 


BIUCOMPaTIBILITY 

The clinical use of any joint prosthesis demands biocompatibi 1 ity of 
tne materials employed. Some of the materials suggested, that is. UHMWPE 
epoxy, and acrylic bone cement have either been previously used as implant 
materials or have been shown to be relatively nontoxic in the ascured or 
polymerized state when implanted in bulk form as reported by Lee and Neville 
(ref. 19), Hine et al. (ref. 2U), and Escales et al. (ref. 21). Toxicity of 
the fibers would be of less importance, to a certain extent, because of 
their encapsulation and subsequent isolation from tissue. However, in the 
event that a fiber would extrude into surrounding tissue, its tolerance 
should be examined, guartz, a constituent of E-glass, was found to be well 
tolerated when implanted as a solid block subcutaneously (ref. 22). 

Ml uininum-oxide has been found to be relatively biocompatible by Salzer et 
al. (ref. 23). an aluminum-oxide endoprothesis was well tolerated in 12 
tumor patients, briss et a I (ref. 24) found AloOi composites biologi- 
cally acceptable, however Escales et al. (ref. 21) founo ceramics to present 
very poor tissue tolerance. Particles of 31b L stainless steel, wnich are 
commonly used prosthetic materials, could be substituted for the 18-8 stain- 
less steel. This might prevent any problems related to the different types 
of steel as the 316 L stainless is now used in total hip prosthesis. Copper 
may be toxic as it is readily absorbed in the blood (ref. 24). When radio- 
active copper-64 or -b7 was administered intravenously to 49 normal sub- 
jects, absorption was observed in 3U to 50 percent of the people tested. 

The toxic effects of copper in intrauterine devices is still under study 
(refs. 26 to 28). Possibly aluminum could be substituted for copper as its 


^ATthough expressing wear rate in these units, implies a linear 
relationship between m^/rn and N^ the authors do not have eviaence to 
prove that this relationship is valid. 
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thermal conductivity is about the same as that for copper. At any rate, the 
final joint prosthesis would certainly have to be tested for tissue bio- 
compatibility and checked for compliance with any aSTM Committee F-4 
Standard for materials. 


SUMMARY OF RtSULTS 

Coriti-Lous fiber woven E-glass/epoxy composite femoral snells having 
the same clastic properties as bone have been fabricated. These shells were 
coated with filled epoxy wear resistant coatings consisting of 1 to 
64 micron particles of: Al^Oi + Cu, and 18-8 stainless steel 

♦ AI2O3 in an epoxy matrix. The resulting femoral shells were wear 
tested dry against ultrahigh molecular weight polyethylene (UHMWPE) acetabu- 
lar cups up to 250 000 cycles on a total hip simulator. The major results 
were: 

1. The femoral shell containing particles of 18-8 stainless steel and 
Al^O^ in an epoxy matrix articulating dry against an UHMWPE cup yielded 
the lowest friction force of all shells tested including a standard vital- 
1 ium ball. 

2. In a 250 000 cycle wear test, the wear rate of an UHMWPE cup 
articulating against a standard vitallium ball was 1.3x10'*^ m^/N-m 
while the rate for the 18-8 stainless steel ♦ ^1203 epoxy shell was 
3.5x10“^^ m^/N-m. 

3. Aodition of graphite fibers to the UHMWPE cup and articulation 
against the composite shell (18-8 stainless steel + AI2O3) caused an 
increase in the friction force but reduced surface damage to the cup. 

4. Femoral shells containing particles of Cu and Al^03 epoxy 

matrix articulating against UHMWPE cups yielded a continually increasing 
friction force and more cup surface damage than the 18-8 stainless steel and 
AI2-U3 shel 1 . 
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APPENDIX A 


Compression molding temperature-pressore sequence for UHMWPE cups: 

1. P.eheat molds to 121* C (250* F) 

2. Preheat powder to 121* C (25U* F) 

3. Distribute powder evenly in female mold 

4. Place male plunger in and pressurize to 5.2 Mpa (75D psi) and hold 
for 2 minutes 

5. Reduce pressure to atmospheric 

6. Repressurize to 6.9 Mpa (lUDO psi) for 1 minute then lower to 
3.5 Mpa (50U psi) and hold 

7. Raise temperature to 216* * 3* C (42U* ‘ 5* F) and maintain pres- 
sure at 3.5 Mpa (500 psi) 

8. Hold at 216* C (420* F) and 3.5 Mpa (500 psi) tor 10 minutes. 

9. Turn off heat and cool for about 15 minutes or until temperature 
reaches 177* - 163* C (350* - 325* F) 

10. Then cool with frozen blocks* to 66* ^ (150* F) (at 149* C (3'JO* F) 
repressurizp to 6.9 Mpa (1000 psi)) 

11. Remove caps 


*Aluminum bloctcs stored -29* C (-20* F). 
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TABLE I. - TEST CODE, FEMORAL SHELL CODE AND MATERIAL, 


AND ACETABULAR CUP CODE AND MATERIAL 



Femoral shell code and material^ 

Acetabular cup code 
and material^ 

(all cups unirradiated) 

A/E 

(A) Solid vitallium ball (Charnley)^ 

(E) UHMWPE (commercial) 

B/E 

(B) Epoxy/E-glass shell coated with (1:2) 
AI 2 O 3 /C epoxy + (1:5) Cu^/epoxy 

(E) UHMWPE 

C/E 

(C) Epoxy/E-glass shell coated with (1:2) 
Al 203 /epoxy + (2:5) Cu/epoxy 

(E) UHMWPE 

D/E 

(D) Epoxy/E-glass shell coated with (2:1) 
18-8 stainless steel®/epoxy + (3:10) 
Al 203 /epoxy 

(E) UHMWPE 

D/F 

(D) Epoxy/E-glass shell coated with (2:1) 
18-8 stainless steel/epoxy + (3:10) 
Al 203 /epoxy 

(F) (1:20) Graphite 
fibers^/ UHMWPE 


^All ratios are by weight. 

^Ball diameter was 22 mm as compared to 44 mm (1.73 in.) for composite 
shells. 

micron particles, Buehler Ltd., Evanston, Illinois, 
micron particles, Cerac Inc., Menomanee Falls, Wisconsin. 

®64 micron particles, Metco Inc., Westbury, Long Island, New York. 
^Hercules, Inc., Wilmington, Delaware. 
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TABLE II. - SUMMARY OF RESULTS 


Test 

Maximum friction 

force, N 

Coefficient of 
friction® 
during c^ait^ 

Wear rate® after 
250 000 walking 
cycles, 
m^/N-m 


Variable load 
during gait*^ 

Constant load 
(2240 N) post 
42 000 cycle 
test 

A/E 

114 (121)C 

178 

0.11 

1.3x10-16 

B/E 

Continually increasing 
163 at 4000 cycles 
243 at 42 000 cycles 

277 

0.16-0.24 

Not run 

C/E 

Continually increasing 
119 at 4000 cycles 
168 at 42 000 cycles 

230 

0.12-0.17 

Not run 

D/E 

93 (114)C 

161 

0.094 

3.5x10-15 

D/F 

168 

203 

0.17 

Not run 


^Based on integrated average load of 1014 N. 
^During 42 000 cycle test. 

^During 250 000 cycle test. 
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Figure 5. - Maximum friction force versus time during 42 000 cycle wear test. 



Figure 6. - Oscilloscope traces of programmed load and 
friction force for tests A/E. B/E, C/E, D/E, and 0/F, 
respectively, at 42 000 cycles (24 hr). 











(b) TEST B/L 

Figure 7. - Femoral and acetabular specimens after 42 000 cycle wear 
test. 
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(cl TEST D/E. 



(d) TEST D/F. 
Figure 7. - Concluded. 









(bi C'L 

tuiuri' h OptiLdl photoijrdph ol puljr art-j in UHM^VPL 
acetabular cups m tests Hi. U, D 1. D I. respectively, 
alter XI (KX1 cycles. 




>(1i D/f. 

fiqure 8. - Concluded. 







ib) SHELL C. 


Figur' 9. - Optical photograph ot polar area on tenoral shells 
B.and D. respectively, after 4?0tX) cycle wear tests. 






(cl SHELL D. 
Figure 9. - Concluded. 
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